Based on first-principles density functional theory, we show that boron-doping significantly enhances the Li bond strength on the graphene. The transition from s -p hybridization of the Li-graphene complex to p -p hybridization of the Li-coated boron-doped graphene is responsible for the enhanced binding energy. The charge redistribution induced by boron-doping gives rise to two parts of an electrostatic potential energy ͑one is around the Li atom and the other is parallel to the graphene plane͒. Four polarized H 2 molecules are attached to one Li atom with an optimal binding energy of ϳ0.13 eV/ H 2 .
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Realization of hydrogen economies depends on finding feasible materials that can store hydrogen at ambient conditions with enough gravimetric capacity. 1, 2 Therefore, the storage media should be composed of elements lighter than Al. In addition, the optimal adsorption energy for H 2 is about 0.1-0.2 eV. 3 In recent years, transition metal ͑TM͒-decorated carbon nanostructures, [4] [5] [6] [7] [8] have been studied extensively for highcapacity hydrogen storage. Unfortunately, the preferable clustering of TM atoms on the carbon nanostructures surface results in the poor reversibility and greatly reduces the weight percentage of hydrogen storage. 9 Also, excessive charge transfers from TM to the antibonding state of H 2 via Kubas 10 interaction frequently lead to the first hydrogen dissociation. Consequently, controlling the charge state of metal and substrate is crucial in developing metal dispersionbased hydrogen storage systems. 11 In addition, alkali-metal ͑AM͒ ͑Ref. 12͒ have been proposed to be possible alternatives to TM, since the cohesive energy of AM is much smaller than that of the TM ͑ϳ4 eV͒. However, it is not always true for Li to bind strongly to all carbon nanostructure. Specifically, the binding energies of Li on ethylene ͑0.69 eV͒ and graphene ͑1.10 eV͒ are smaller than the cohesive energy of bulk Li, namely, 1.63 eV. Therefore, it is necessary to enhance the Li binding on these carbon materials, since Li atom is lightweight which can help to achieve a higher gravimetric density of hydrogen.
In this study, we present systematic theoretical studies on hydrogen storage media that uses boron-doped graphenes to hold Li atoms. Our main concerns are as follows: ͑i͒ Can the strength of the bonding between Li atom and graphene be enhanced by boron-doping? ͑ii͒ What is the mechanism of the bonding? ͑iii͒ How can boron-doping affect H 2 molecules adsorption on Li? To answer all these questions we investigated the effects of boron atoms on electronic structures of Li-graphene complexes.
The numerical calculations, as implemented in the DMOL3 package, were performed using all-electron density functional theory ͑DFT͒ at the level of the generalized gradient approximation 13, 14 using the Perdew-Burke-Ernzerhof 15 exchange-correlation functional. All our calculations have been carried out using 32-atom supercell ͑4 ϫ 4 graphene unit cells͒ to simulate an infinite graphene sheet. The interlayer distance was set to be 15 Å, which is enough to minimize the artificial interlayer interactions. The Brillouin zone was sampled by 3 ϫ 3 ϫ 2 special mesh points in k space based on Monkhorst-Pack scheme. A double numerical-polarized basis set that includes all occupied atomic orbitals with a second set of valence atomic orbitals plus polarized d-valence orbitals was employed. All structures are fully relaxed until the force is less that 2 ϫ 10 −3 hartree/ Å. We first consider the adsorption of a single Li atom onto boron-doped graphenes and find the hollow site is the most favorable adsorption site. Table I summarizes that binding energy of Li noticeably increases with the number of B doping increasing, indicating that a Li atom can be bound very strongly to the substrates. Interestingly, the induced positive charges of Li atoms listed in Table I decrease in the order of C 31 BLi, C 30 B 2 Li, and C 29 B 3 Li, which is not compatible with the order of their binding energies. Thus a question arises; what are the roles of boron? The answer is that B-doping can induce the p orbitals of the substrate to interact with the Li 2p orbitals, since the p -p hybridization in B-doped Ligraphene complexes is stronger than the s -p hybridization.
To elucidate the numerical results presented above, we now turn to the electronic structure analyses of the cases either without or with B doping. In detail, an electron depletion of Li s orbital occurs in Fig. 1͑a͒ , suggesting that the Li a͒ Author to whom correspondence should be addressed. Electronic mail: zzeng@theory.issp.ac.cn. Figure 1͑b͒ shows that the relative position in density of states ͑DOS͒ of the C 31 B remains almost the same as that of the pure C 32 ͓Fig. 1͑a͔͒. Hence the metallic characteristic of C 31 B disappears in Fig. 1͑b͒ due to the charge transfer between Li 2s and ‫ء‬ orbitals of C 31 B. Simultaneously, the inset of Fig. 1͑b͒ clearly presents the increased states of Li 2p as compared with that in the inset of Fig. 1͑a͒ owing to the 2p orbitals receiving more electrons from the highest occupied molecular orbital ͑HOMO͒ of C 31 B. As Fig. 1͑b͒ demonstrates, the HOMO of the C 31 BLi complex indeed comes from the hybridized Li 2p orbitals and the bonding states of 2p z orbitals along the B-C bonds. In addition, the main contributors to the lowest unoccupied molecular orbital ͑LUMO͒ are 2p z bonding states of C 31 B and the 2s orbital of Li. On the other hand, for C 30 B 2 Li and C 29 B 3 Li, a small peak of Li 2p states found in both cases at the Fermi level explains the LUMO back donates part of its received electrons to the 2p orbitals of Li. We also find that the increase in Li 2s states below the Fermi level shown in the inset of Figs. 1͑c͒ and 1͑d͒ accords with the trend of Mulliken charge of Li in Table I . Then Fig. 1͑c͒ proves that the bonding orbital for the Li atom and C 30 B 2 results from the hybridization of the LUMO of C 30 B 2 and the Li 2p orbitals. In the case of C 29 B 3 Li, we observe a binding mechanism similar to that of C 30 B 2 Li except that the 2p orbitals of Li and both the HOMO and LUMO of C 29 B 3 are hybridized for the binding of Li on the C 29 B 3 .
Next, the first H 2 introduced to the C 30 B 2 Li remains in the form of a dihydrogen molecule. The H-H bond length expands from 0.750 to 0.754 Å due to the polarization interaction between the Li + ion and the H 2 ͑its origin will be discussed below͒. The Mulliken charge analysis indicates that two hydrogen atoms of one H 2 molecule have the different charge of 0.07 and 0.03e, which is distinct from two hydrogen atoms adsorbed to Li-coated graphene 16 in molecular form with the same charge of 0.08e. As the number of adsorbed H 2 increases, the positive charge on Li atom as well as the extent of bond-elongation of successive H 2 molecules shown in Fig. 2 slightly decrease. It is important to note that the effective charges of the hydrogen atoms depend on their distances from the plane of C 30 B 2 . The charges for hydrogen atoms at close proximity still remain positive; on the other hand, the charges on the rest become negative. We To investigate the mechanism of Li-dihydrogen bonding, we have calculated all-electron electrostatic potential energies and dipole moments of C 30 B 2 Li͑H 2 ͒ n ͑n =0,1,2,3͒. The electron population analysis reveals that a permanent electric dipole with a moment of 2.75 Debye can be induced due to electrons transfer from Li atom to C 30 B 2 . Hence the potential energy depicted in Fig. 3͑a͒ suggests that two parts of the electric field ͑one is around the Li atom and the other is parallel to the C 30 B 2 plane͒ will dominate the adhesion preference of the H 2 molecules. Since H-H electric dipole vector should be parallel to the electric field direction, thus all H 2 molecules align vertical to the graphene plane in such electric field. For different number of H 2 molecules attached, the corresponding electrostatic potential energies ͓see Figs. 3͑b͒-3͑e͔͒ indicate that the configuration of H 2 molecules affects the distribution of electric field. Accordingly, the polarization degree of successive H 2 molecules has also been affected. The dipole moments for the second, third, and fourth H 2 molecule are calculated to be 0.61, 0.58, and 0.50 Debye, respectively, which are slightly smaller than that of the first one ͑0.65 Debye͒. Thus the order in binding energies of the four H 2 molecules decreases owing to the increasingly weak electrostatic interactions between C 30 B 2 Li and surrounding H 2 molecules.
In summary, we find B-doped graphene is effective for dispersion of Li using DFT calculations. The binding strength of Li on B-doped graphene can be enhanced due to the B atom assisting graphene to provide available frontier orbitals to interact with the 2p orbital of Li. On the experimental side, B-doping concentration in graphite can be up to 17% ͑Ref. 17͒ and the substitutional B atoms occupy the opposite sites of a carbon hexagonal ring, which has provided a way to synthesis Li-coated B-doped graphenes we proposed here. We find that Li-coated B-doped graphenes can adsorb four H 2 in molecular form, and the average binding energy of the H 2 molecules is ideal for the system to operate under ambient thermodynamic conditions. We hope that the theoretical results here will provide a useful reference for searching reversible hydrogen storage materials in the laboratory. 3 . ͑Color online͒ All-electron electrostatic potential energy of C 30 B 2 Li͑H 2 ͒ n shown in side view and top view for ͑a͒ n =0, ͑b͒ n =1, ͑c͒ n =2, ͑d͒ n =3, and ͑e͒ n = 4. The isovalue equals 0.04 e / Å 3 .
